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Abstract

Determining the source of groundwater infiltrating mine pits is one of the most interesting challenge for
mining engineers and designers. The uncontrolled groundwater flow will delay the planned schedule and
have a negative impact on extraction costs and mining operations. Determining the groundwater source
by hydrochemical and isotopical interpretations in the Goharzamin iron mine, located in south-central
Iran, plays a significant role in comprehending hydrochemical and hydrogeological processes and
designing an effective dewatering system in this mining area. Through three phases of groundwater
sample collection from seepages and boreholes, a total of 75 samples were gathered for analysis, including
12 samples containing heavy metals and stable isotopic data (D and 180), 5 samples containing 14C and 13C,
and another 5 samples containing 3H data. Results indicated that all samples belonged to saline and
brackish water categories (EC > 4 mS cm1), with a predominant sequence of Cl--S042-HCO3-NO3-, and Na*-
Ca2+-Mg?+-K+ for anions and cations, respectively. Conservative tracers (Cl, Br, and B) and stable isotopes
demonstrated that Kheirabad Salt Lake (located approximately 13 km north of the mine) is unlikely to be
the source of groundwater. Radiocarbon and tritium age dating suggested that the majority of
groundwater in the mining area was infiltrated during the Holocene and late Pleistocene epochs
(paleowater) rather than being replenished by recent rainfall. Hydrochemical variations observed in
samples collected during the wet season are generally attributed to the mixing of surface water and
groundwater at fractures around the mine pit.

Keywords Radiocarbon dating, Mine Seepages, hydrochemical interpretations, saline water.

Introduction

Groundwater flow and its negative effects should be considered during mining operations. When mining
is performed below the groundwater level, especially in large and deep open-pit mines, water infiltrates
into the mine pit from the surrounding formations and geological features, such as fault zones, wall cracks,
open fractures, and dykes. This may cause a significant drawdown in groundwater levels, locally or
regionally. Groundwater drawdown results in the expansion of the depression cone, leading to changes in
groundwater flow and, an increase in groundwater flow and the transport of solutes around the mine. This
phenomenon has a significant impact on both the quantity and quality of the mine seepage waters. These
are important factors in determining the mining schedule and result in a general increase in mining costs.
In mining operations, dry working conditions are preferred due to their ability to reduce the degradation
of machinery and tires, consequently decreasing earth-moving costs. Preventing water from entering the
mine pit increases safety, ensuring that mining operations can be carried out efficiently and effectively
(Surinaidu et al. 2014; Wu et al. 2017; Li et al. 2021). To mitigate the risks associated with groundwater
intrusion into the mine pit, several methods, such as diversion, dewatering, sealing, or a combination
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thereof, can be implemented. It is crucial to determine the origin of groundwater seepages in order to
select the most cost-effective and suitable technique.

Groundwater chemical composition involves the spatial and temporal variations due to precipitation,
water-rock interaction, evaporation, redox reactions, recharge water quality, reactions of ion exchange,
sorption, dissolution, climate, the grade of chemical weathering of different types of rock, mixing
processes, etc. Hydrogeochemical analysis techniques in combination with stable isotope analysis (e.g., 180
and 2H), radioisotopes (e.g., 3H and 14C), and statistical techniques (e.g., Principal-Component-Analysis
(PCA) and Hierarchical-Cluster-Analysis (HCA)) are often applied as effective methods to provide
significant information regarding similarities among groundwater samples and/or hydrochemical
variables, the groundwater residence times in aquifers, the source of groundwater in reservoirs, the
groundwater movement’s rate and direction, hydrochemical reactions in aquifers, climatic conditions
during the recharge, hydraulic connection between different water sources, geological structure of
aquifers, and anthropogenic impacts on aquifers (Zouari et al. 2011; Fang 2019; Acikel and Ekmekci 2021;
Okofo et al. 2022; Zhao et al. 2022; Nayak et al. 2023; Ju et al. 2024; Hamma et al. 2024; amongst many
others). These analysis techniques play a crucial role in enhancing our comprehension of hydrogeological
systems.

Goharzamin is an important open-pit iron mine located in the south of Kerman, Iran. The mine has been
operating for about 15 years. As the bottom of the pit is around 120 meters below the groundwater level,
the groundwater infiltrates the walls and floor. Because pit excavation is a relatively new activity, there
have been limited hydrogeological studies undertaken in the area. In recent years, the water seepage
problem has led to an effort to design a dewatering network. As a result, efforts have been made to
determine the hydrochemical properties of groundwater seepages that fall into the Goharzamin mine pit
and find the source of them. The research conducted by Jahanshahi and Zare (2017) has identified
Khairabad Playa, located in the north of the Goharzamin pit (about 13 km), as the primary source of
salinity. They attributed this to the excavation of the pit, which changed the hydrological conditions of the
area. In other words, the playa could account for the brine groundwater's presence. Heidarinejad et al.
(2017) identified two hydraulically connected rocky and alluvial aquifers that are probably not associated
with the playa. Assari (2019), based on simple hydrochemistry and geological evidences revealed that
there are a minimum of three aquifers (two alluvial aquifers and one hard-rock aquifer). Furthermore,
Gharaat et al. (2022) demonstrated that the area is comprised of three distinct aquifers: the upper alluvial
aquifer, the lower alluvial aquifer, and the hardrock aquifer. The chemical and isotopic findings further
verified the distinct source and age of the groundwater. In addition to the aforementioned studies, 11
exploration boreholes encountered a groundwater artesian zone (confined aquifer) in the hard rocks of
the area, and their boring was ceased. The groundwater samples exhibited an electrical conductivity (EC)
of as high as several mS cm (> 50 mS cm!) that took place in the range of brine (saline and/or
hypersaline) groundwater. As a result, this study aims to reassess the age and origin of the waters by
employing different analyses and samples, a combination of statistical, hydrochemical, and isotopic
studies, and applying diverse interpretations and charts to address the inconsistencies and ambiguities in
previous research. Finding the groundwater source and the variables affecting the chemical composition
of water will greatly help in designing the mine’s dewatering network.

Study Area
Location and meteorologic conditions

The Gol-E-Gohar 3 (Goharzamin) iron mine is situated in the southwestern part of Iran’s Kerman province,
extending from 29° 5' E to 29° 7' E longitude and 55° 16" N to 55° 18' N latitude, along planar desert
topography (Fig. 1). The average elevation of the region exceeds 1700 m above sea level (asl). In this area,
Goharzamin (pit No. 3) is the most important mining pit, with a dimension of approximately 1300x1700
m and a deposit of around 640 megatons. The climate of the mining area exhibits a warm temperate and
semiarid nature, which is often affected by the Mediterranean pluviseasonal-continental climate. Extended
dry seasons characterize the region (7-9 months/year), and the rainfall's seasonal distribution
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demonstrates that more than 90% of the annual precipitation concentrated in the winter and early spring
seasons, from January to May. The average annual precipitation and temperature stand at less than 150
mm year-! and approximately 18.5°C, respectively. The potential evaporation rate is higher than the
precipitation rate for a significant portion of the year. Monthly temperatures vary between 6.5°C (in
January) and 30°C (in July). The maximum and minimum temperatures recorded from 2003 to 2019 were
41.4°CinJuly 2010 and -10 °C in January 2008, respectively.

Geology and Hydrogeology

Soft and hard formations in this area exhibit a wide range, from recent alluvium to Camberian crystalline
rocks. The alluvium comprises sands of varying sizes, predominantly medium to fine, interspersed with
interlayers of salty and gypseous silt and clay. The fine-grain size deposits cover a significant portion of
the mining area and appear to prevent direct rainwater infiltration, causing floods in the wet season. The
alluvium thickness varies considerably from the northern (30-40 m) to the southern (200-250 m) parts
of the mine (Fig. 2). The results of 30 Lefranc tests conducted at 21 boreholes around the mine pit showed
that the average transmissivity coefficient (T) in unconsolidated deposits was less than 1 m2/day. Since
the alluvial aquifer is located at the end (outlet) of the hydrological basin, the low hydraulic coefficients
have been attributed to the fine grain size of the sediments that are found in this area. The predominant
crystalline formations in the study area consist of magnetite, conglomerate, gneiss, schist, and skarn.
Gneiss typically contains minerals such as feldspar (albite, orthoclase, and microcline), quartz, muscovite,
sericite, and mafic minerals (biotite, pyroxene, and amphibole). Schist is characterized by a mineral
assemblage comprising amphibole, calcite, quartz, feldspar (albite and oligoclase), zoisite, clinozoisite,
epidote, chlorite, sericite, muscovite, and apatite. Fig. 2 illustrates two geological cross-sections extending
east-west (E-W) and north-south (N-S) of the Goharzamin mine area.

As shown in Fig. 1, the region is marked by active faults, and the mining area is confined by the Bibimako
thrust fault in the north and the Baghat thrust fault in the south. These faults and their fracture zones are
largely responsible for controlling the occurrence of groundwater in the consolidated formations. The
permeability characteristics of crystalline formations were measured directly via 376 Lugeon tests in 166
boreholes, with the findings summarized in Table 1. The results mostly exhibit low permeability for
different layers, except in instances where fractures are present.

Kheirabad Playa (Fig. 1) is situated approximately 13 km away on the northern boundary of the
Goharzamin mine. The playa is covered by evaporite layers, and it experiences a significant amount of
runoff during the rainy seasons, leading to the creation of a salt lake on its surface. Because of the region's
exceptionally high rate of evaporation, the playa dries up during the warmer seasons. Notably, the
Kheirabad strike-slip fault extends from the western boundary of the playa to the eastern vicinity of the
Goharzamin mine.

Based on the previous researches (Heidarinejad et al. 2017; Assari 2019; Gharaat et al. 2022), at least two
main aquifers (alluvial and fractured aquifers) have existed in the area. However, due to the artesian
occurrences in and around the mine pit, this number is not accurate. Based on the field observations of the
mine pit walls, alluvial and hardrock aquifers are hydrologically separated by a relatively thick marl layer
(15 m) at the bottom of the alluvial (Assari 2019). The spatial extent of this marl layer remains uncertain,
implying that hydraulic connectivity between the alluvial and hardrock aquifers is likely limited to areas
where the marl unit is either missing or disrupted due to tectonic activities. Moreover, the presence of
fine-grained interlayers complicates the precise quantification of aquifers in the alluvial sediments.
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Fig. 2 Geological sections of Goharzamin mine area

Table 1 The permeability and Lugeon values of different rock layers in the Goharzamin mine

ermeability (m/da Lug. Test
Lithology p. y (m/day) g.

Min Ave. Max Min Ave. Max frequency
Geniss 0.00 0.02 0.17 0.05 201 14.89 126
Schist 0.00 0.03 0.19 0.02 2.75 16.25 53
Magnetite 0.00 0.04 0.22 0.00 3.38 1833 31
Conglomerate 0.00 0.04 012 0.24 382 10.17 22
Contact f
ontac “ 000 003 029 001 261 2407 144
layers

Materials and Methods
Sampling

Groundwater sampling from seepages and boreholes was conducted in three distinct phases, resulting in
a total of 75 samples being collected to analyze the spatio-temporal variations of hydrochemical
constituents in and around the mine pit. These samples were collected in October 2016, which is referred
to as the dry season (phase I: 30 samples), February 2017, which is referred to as the wet season (phase
II: 33 samples), and November 2017, which is almost the end of the dry season (phase III: 12 samples)
(Fig. 1). To measure the cations and anions, about 250 ml of groundwater were filtered (<0.45 pm) and
then collected from sampling network points in polyethylene bottles, separately. In each sampling step,
they were thoroughly and carefully washed several times with deionized water. At the sampling points, to
prevent any precipitation, the pH of the groundwater samples that were collected for cation measurement
was brought below 2 using nitric acid. The anionic samples, however, were not made acidic. The EC and
pH were determined by a portable multimeter. Great effort was made to ensure that sampling,
preservation, and transport conformed to the guidelines outlined by APHA-AWWA-WPCF (2005). ICP-AES
with a LOD (limit of detection) of 0.005 mg/L was employed to measure the main cations (such as calcium
and sodium). The trace metal contents were determined by ICP-MS, and anions were determined by SUB-
999. The accuracy of the cation and anion results was evaluated by assessing the charge balance error
percentage. The samples were in the range of 5% accuracy, except for samples of S7, S8, S10, S11, S12,
S16, and S22 in the dry season, which exhibited an error lower than 10%.

During phase III, a total of 12 groundwater samples for stable isotope ratios (2H/!H, 180/160) were
collected in 60 mL PET bottles in duplicate. Additionally, 5 samples were collected for each 14C, §13C, and
tritium (3H) analysis in 1-L, 12-mL, and 600-mL PET bottles, respectively. The isotope samples were
unfiltered and stored in the dark with zero head space and no preservatives. The testing of the isotopes
was implemented at the University of Waterloo in Ontario, Canada. The isotopic compositions of 180 and
2H are presented in relation to the Vienna Standard Mean Ocean Water (V-SMOW), with respective
uncertainties of 0.8 and £0.2 for 2H and 180, respectively. The concentration of 1*C and 3H is denoted as
percent modern carbon (pmc) with analytical uncertainties of 10 and tritium units (TU) with a precision
of + 0.8 TU, respectively.

Multivariate statistical analysis

Determining the various processes affecting groundwater quality is extremely difficult. Due to numerous
chemical variables, different sampling points, and diverse hydrochemical processes, hydrogeochemical
studies are by nature a multivariate problem (Chai et al. 2020; Sidhu et al. 2024). Numerous studies have
employed multivariate statistical techniques, including PCA and HCA (Samtio et al. 2023; Aduojo et al.
2024), to evaluate water-rock interaction, identifying the source of groundwater and the processes
affecting groundwater quality. This research used PCA-HCA techniques to classify the data into groups of
related variables and to determine the environmental processes occurring in the aquifers.
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In the present research, the PCA statistical method was chosen to explain the chemical processes of
groundwater in the mine aquifers. The reliability of the results was evaluated with the Kaiser-Meyer-Olkin
(KMO) coefficient. In samples from phases 1 and 2, KMO exhibits a coefficient of about 0.71, indicating
that the used statistical method is valid. However, the coefficient in samples from phase 3 was less than
0.5, and PCA was invalid (Abdrabo et al. 2023). To determine the optimal number of PCs, two common
methods, including the “scree plot” (Cattell 1966) and the “Kaiser criterion” (Kaiser 1960), were used.

The HCA method was employed to divide the large data into smaller groups based on their
hydrogeochemical similarities (Helstrup et al. 2007; Bhatt et al. 2021; Mohammed et al. 2023). To achieve
this objective, HCA was implemented by combining Ward’s technique and squared Euclidean distance, a
widely employed approach for determining dissimilarity (Rahman et al. 2021; Feisal et al. 2023). The
standardization of chemical parameter concentrations between 0 and 1 was achieved using the Z-score
method.

The statistical methods (in SPSS software) were initially employed to analyze the groundwater
geochemistry data. Subsequently, the processes influencing the groundwater quality in the region were
investigated via the utilization of geochemical plots (AquaChem 12 and Excel 2013 software). In phases 1
and 2, about 15 qualitative parameters (Na, K, HCO3, Cl, Ca, Mg, SO4, F, NO3, N (nitrite), TH, Alk, pH, TDS,
and EC) were employed for both statistical methods, showing moderate to high correlation with each
other. However, in phase 3, HCA was applied using the 35 selected characteristics (EC, Alk, K, Na, Mg, Ca,
S04, HCO3, Cl, NO3, N, Ba, F, B, Cr, Co, Cs, Eu, Li, Cu, Mn, Ni, Pd, Mo, Rb, Re, Sb, Si, Sn, U, Y, Zn, Br, Sr, and
As).

Results and discussion
Main ion composition

Geochemical analyses of groundwater samples from the Goharzamin mine were conducted in three phases
(dry and wet seasons, as well as a supplementary sampling phase) and subjected to initial statistical
assessment, as presented in Tables 2 and 3. The extensive range of hydrochemical data observed in the
tables may be attributed to different groundwater sources. The mean values of EC are equal to 48.39 to
58.57 mS cm-! in dry and wet seasons, respectively, indicating a significant concentration of soluble
characteristics in the mine groundwater. In the dry season (phase 1), the maximum of EC belongs to the
samples S19, S22, S21, and 3242G-B with values 0of 167.8,140.3, 137, and 123.6 mS cm-1, respectively. The
concentrations of main cations, including Ca2+, Mg2+, K*, and Na+, lie between 200 to 16032, 24 to 4800, 50
to 940, and 595 to 27420 mg L1, respectively, with mean values of 4069.03, 765.03, 140.33, and 6113 mg
L-1, in that order. The abundance of cations from high to low is as follows: Na+-Ca2+-Mg2+-K*. The highest
Na content belongs to S22,S21, 3242G-B, and S10 samples, with values of 27420, 22540,21329, and 18876
mg L1, respectively.

The HCO3;, Cl, SO42-, and NO3- main anions varied from 7 to 122, 1106 to 69680, 124 to 1025, and 3 to 135
mg L1, respectively, with an average of 46.99, 19487.97, 686.97, and 40.46 mg L, in that order. The
ranking of anion abundance is observed as Cl- > SO42 > HCO3- > NOs~. Samples S22, S21, 3242G-B, and S10
have the highest Cl concentrations, measuring 69680, 68837, 57694, and 53274 mg L-1, respectively.

Analysis of samples during the wet season (phase 2) indicates that EC demonstrates the widest range
(164470 pS cm-1). Among the samples, the highest EC belongs to S19, 3252G, S50, S22, and S21, with values
of 169, 142.8, 138.8, 135.5, and 130.6 mS cm'!, respectively. The dominant anion and cation during this
phase are Cl and Na, with mean concentrations of 20863.38 and 10563.81 mg L-!, respectively. The order
of cation and anion abundance remains consistent with that of phase 1. Wet season samples exhibited
higher concentrations of Na, Cl, K, TDS, EC, and HCO3, which may be attributed to the dissociation and
dissolution processes of evaporates in the aquifer.
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According to the geological sections (Fig. 2), the high Cl concentrations observed in mine groundwater
samples may be attributed not only to the dissolution of evaporites in alluvium but also to the weathering
processes affecting metamorphic rocks such as Schists and Gnisses. Krimissa et al. (2004) proposed that
the weathering of biotite and other unidentified Cl minerals in the schist rocks at the plain of Chtouka-
Massa was responsible for the high Cl concentration (about 4300 mg/L) in groundwater. This hypothesis
was claimed based on empirical measurements showing high Cl values in leachates derived from schist
rock.

Fluoride concentrations in groundwater samples differ from 0.06 to 1.61 mg/1 (with an average of 1.06
mg/L) and 0.27 to 1.56 mg/l (with an average of 0.93 mg/l) in phases 1 and 2, respectively. The
concentration of fluoride ions exceeds the recommended limit (about 1.2 mg L-1) in the WHO standard
(2006) for potable water in 47% and 31% of the dry and wet season samples, respectively. The high
fluoride concentrations are likely attributed to mineral weathering processes including mica (muscovite
and biotite), apatite, fluorite, and other fluoride-bearing minerals that are abundant in gneiss and other
metamorphic rocks found in the area.

The nitrate values in Goharzamin mine water samples were found to be moderately high. In phase 1, the
NO3- concentration ranged from 3 to 135 mg/l, with an average of 40.46 mg/l, while in phase 2, the
concentration varied from 9 to 69 mg/l, with a mean value of 31.44 mg/l. The main sources of NO3" in
groundwater, as indicated by Moloantoa et al. (2022); and Boumaiza et al. (2023), include industrial
wastewater, rainfall, biological nitrogen fixation (BNF), and the application of nitrogenous fertilizers.

Table 2 Statistical analysis of Goharzamin mine groundwater

Dry Season (phase 1) Wet Season (phase 2)
Mean Range Min Max count Mean Range Min Max count
Ca (mg/l) 4069.0 15832.0 200.0 16032.0 30 2281.4 9018.0 200.0 9218.0 32
Mg (mg/1) 765.0 4776.0 24.0 4800.0 30 323.7 1176.0 24.0 1200.0 32
Na (mg/I) 6113.0 26825.0 595.0 27420.0 30 10563.8 44289.0 385.0 44674.0 32
K (mg/I) 140.3 890.0 50.0 940.0 30 297.3 1374.0 15.0 1389.0 32
HCO03 (mg/1) 47.0 115.0 7.0 122.0 30 64.5 114.0 10.0 124.0 32
504 (mg/1) 687.0 901.0 124.0 1025.0 30 585.9 1101.5 12.5 1114.0 32
Cl (mg/1) 19488.0 68574.0 1106.0 69680.0 30 20863.4 75394.0 754.0 76148.0 32
TDS (mg/1) 32794.0 106334.0 2736.0 109070.0 30 44340.5 139284.0 3114.0 142398.0 32
EC (mS/cm) 48.4 163.1 4.7 167.8 30 58.6 164.5 4.5 169.0 32
pH 7.6 1.5 6.7 8.2 30 7.4 3.0 6.0 9.0 32
F (mg/l) 1.1 1.6 0.1 1.6 30 0.9 1.3 0.3 1.6 32
N (mg/1) 19.9 92.0 3.0 95.0 30 14.2 26.0 6.0 32.0 32
TH (mg/I) 13890.3 59060.0 940.0 60000.0 30 7092.5 27000.0 1000.0 28000.0 32
Alk (mg/l) 38.7 79.6 5.4 85.0 30 53.1 94.0 8.0 102.0 32
NO3 (mg/I) 40.5 132.0 3.0 135.0 30 31.4 60.0 9.0 69.0 32
Elevation (mamsl) 1663.4 184.0 1563.0 1747.0 30 1579.5 472.1 1259.9 1732.0 32
Table 3 Statistical analysis of Goharzamin mine groundwater in Supplementary phase (phase I1I)
Mean Median Star}da.rd Kurtosis  Skewness Range Min Max count
Deviation
Elevation (mamsl) 1518.4 1544.5 125.4 0.0 -0.9 390.0 1260.0 1650.0 12
EC (mS/cm) 79.5 83.1 53.0 -0.1 0.4 181.7 4.0 185.6 12
Alkalinity (total) 393 38.6 282 10 0.9 99.6 3.4 103.0 12
(mg/l)
Ca (ppm) 7048.6 6953.9 4674.3 -0.5 0.3 15624.0 247.0 15871.0 12
Mg (ppm) 473.4 520.5 252.7 0.6 0.6 882.5 133.2 1015.7 12
Na (ppm) 14097.1 14650.0 10239.8 0.7 0.7 35778.7 766.3 36545.0 12
K (ppm) 138.2 115.4 109.2 2.0 1.2 396.3 5.0 401.3 12
HCO3 (mg/1) 47.8 47.1 34.2 0.9 0.9 120.9 4.1 125.0 12
504 (mg/1) 474.1 392.0 255.0 1.3 1.5 756.0 254.0 1010.0 12
Cl (mg/l) 38516.7 39000.0 27131.2 0.4 0.6 94700.0 1300.0 96000.0 12
NO3 (mg/I) 6.3 4.9 7.0 1.0 0.6 18.4 0.0 18.4 12
F (mg/1) 0.6 0.6 0.2 0.6 -0.4 0.5 0.3 0.8 12
N (Nitrite) (mg/1) 0.4 0.0 0.8 5.6 2.4 2.6 0.0 2.6 12
B(ppb) 8601.2 8702.0 5966.2 0.2 0.6 20018.0 1256.0 21274.0 12
Ba(ppb) 1528.2 990.9 1263.3 -0.6 0.7 3911.3 16.8 3928.1 12
Li(ppb) 9891.5 10881.5 7067.0 -1.3 0.0 21464.0 93.0 21557.0 12
Mn(ppb) 3087.2 2774.1 2857.9 0.0 0.9 8837.2 0.8 8838.0 12
Pd(ppb) 100.0 96.4 66.7 -0.9 0.1 216.8 31 219.9 12
Rb(ppb) 533.2 435.5 495.1 2.0 1.3 1726.3 6.3 1732.6 12
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Si(ppb) 5257.5 5145.0 2231.0 -0.1 0.4 7733.0 1818.0 9551.0 12

Zn(ppb) 94.4 115 148.6 1.6 1.7 4273 <5 431.0 12
Br(mg/l) 24.7 26.1 153 -1.6 -0.3 40.6 1.0 416 12
Sr(ppm) 337.4 375.5 2149 1.1 -0.2 673.5 8.6 682.0 12
Cs(ppb) 135.7 120.8 147.1 1.6 12 4859 0.2 486.1 12
Cu(ppb) 14.8 5.1 17.8 0.6 1.4 49.6 0.9 50.5 12
Mo(ppb) 14.2 9.7 16.6 7.7 2.6 61.6 1.2 62.8 12
Ni(ppb) 12.6 7.1 14.5 2.4 15 475 1.0 485 12
Co(ppb) 45 15 7.3 4.0 22 23.2 03 23.5 12
Cr(ppb) 2.0 2.0 11 -0.6 0.1 35 <0.5 39 12
As(ppb) 16 13 1.0 -0.3 0.8 3.1 <0.5 35 12
Sn(ppb) 1.1 0.9 0.9 -0.3 0.8 26 0.1 2.7 12
Sb(ppb) 0.9 0.9 05 1.0 0.9 1.6 <0.5 2.0 12

U(ppb) 1.1 0.9 1.0 -0.6 0.7 2.8 <0.1 2.9 12
Eu(ppb) 0.2 0.2 0.1 22 -0.5 0.2 <0.1 03 12
Re(ppb) 03 0.1 05 10.7 32 17 <0.04 1.7 12

Y(pph) 0.4 0.2 06 6.8 2.6 1.9 <0.1 2.0 12

A piper diagram (Fig. 3) was drawn to determine the water type and hydrochemical facies (Dhurandhar
and Ranjan 2020). The groundwater types and facies provide insights into the flow patterns of contained
water and the influence of hydrochemical processes occurring in the lithological environment (Back 1966;
Ophori and Toth 1989). According to the relative predominance of main ions with regards to their reacting
values, three distinct groundwater types have been distinguished in the Goharzamin mine area, ranging
from relatively saline (or brackish) groundwater (mixed-Cl) to high saline groundwater (Na-Cl) (Fig. 3 and
Table 4), as follows: 1) sodium chloride (Na-Cl, 49 samples), which is highly mineralized in the mine area,
especially at greater depths, suggesting that the groundwater has a considerable residence time and
movement or relatively strong rock-water interactions. 2) Neutral cation-chloride (Mixed-Cl, 12 samples),
characterized by lower mineral content compared to the previous type, typically found in shallow depths
of the alluvial aquifers; and 3) Calcium chloride (Ca-Cl, 13 samples), which probably results from the
mixing of waters from conglomerate (containing calcite cement) or calcite-dolomite formations with saline
waters. Moreover, higher Ca concentrations may be attributed to the reverse exchange of the ions between
clay interlayers and saline water. If the saline water infiltrates the alluvial aquifer, Na is adsorbed on the
clay surface, releasing Ca and leading to the occurrence of Ca-Cl water type.
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Table 4 Types of hydrochemical facies in Goharzamin mine groundwater samples

Phase I Phase Il Phase 111
Sample ID Water type Sample ID Water type Sample ID Water type

S1 Na-Ca-Cl-SO4 S1 Na-Ca-Cl-SO4 S1 Na-Ca-Cl-SO4
S10 Na-Ca-Cl S10 Na-Cl S10 Na-Ca-Cl
S19 Ca-Mg-Cl S19 Na-Cl S19 Na-Ca-Cl
S21 Na-Ca-Cl S21 Na-Cl S21 Na-Ca-Cl
3242G-A Mixed-Cl 3242G-A Mixed-Cl 3242G-A Na-Ca-Cl
3242G-B Na-Ca-Cl 3242G-B Na-Ca-Cl 3242G-B Na-Ca-Cl
3241 Na-Ca-Cl 3241 Ca-Na-Cl 3241 Na-Ca-Cl
S5 Na-Ca-Cl-SO4 S5 Mixed-Cl-SO4
S6 Na-Ca-Cl S6 Na-Ca-CI-SO4
S9 Mixed-Cl S9 Na-Cl
S11 Na-Ca-Cl S11 Na-Ca-Cl
S13 Ca-Na-Cl S13 Na-Cl
S14 Na-Ca-Cl S14 Na-Ca-Cl
S16 Na-Ca-Cl S16 Na-Cl
S18 Na-Ca-Cl S18 Na-Ca-Cl
S22 Na-Ca-Cl S22 Na-Cl
3pwl Ca-Na-Cl 3pwl Ca-Mg-Cl
3237G Na-Ca-Cl 3237G Mixed-Cl
3238G Na-Ca-Cl 3238G Na-Cl
3239G Na-Ca-Cl 3239G Ca-Na-Cl
3240 Ca-Na-Cl 3240 Ca-Na-Cl
S2 Na-Ca-Cl-SO4 S51 Na-Ca-Cl S51 Mixed-Cl
S3 Na-Ca-Cl-SO4 3245 Na-Cl 3245 Na-Ca-Cl
S4 Na-Ca-Cl-SO4 3252 Na-Cl 3252 Na-Ca-Cl
S7 Mixed-Cl 3244 Ca-Mg-Cl 3313 Na-Ca-Cl
S8 Mixed-Cl 3pw2 Mixed-Cl SB-14 Na-Ca-Cl
§15 Na-Ca-Cl 3246 Ca-Na-Cl
S12 Mixed-Cl-SO4 3248 Mixed-Cl
S17 Mixed-Cl 3305 Ca-Na-Cl
S20 Na-Ca-Cl 3251 Ca-Na-Cl

3303 Ca-Na-Cl

S50 Na-Cl

Hierarchical cluster analysis

To better understand the relationships and patterns within the normalized data, hierarchical cluster
analysis (HCA) was executed. Fig. 4 exhibits the HCA statistical method dendrogram for the classification
of the samples. Based on their hydrochemical signature and dominant chemical composition, samples with
arescaled distance of less than 12 were classified together to form chemically distinct clusters. As reflected
in Fig. 4, the samples are placed in two distinct clusters (C1 and C2) in each phase, although they may be
further subdivided into three or four clusters at lower rescaled distances. In phase 1, the samples of 3237G,
3240,3242G-B,S19,S21,and S22 were placed in C2, while C1 is composed of S1 to S18, 520, 3239G, 3242G-
A, 3238G, 3pwl, and 3241. In phase II, the samples of S1, S5, S6, S9, S11, S14, S16, S18, S51, rain, 3244,
3pwl, 3237G, 3pw2, 3242G-A, 3245, 3248, 3305, 3239G, 3241, and 3251 were classified in C1, whereas
C2 includes the samples of 3240, 3303, S13, 3238G, S19, S50, S10, 3245, S21, S22, 3252, and 3242G-B. It
should be mentioned that in the samples of each cluster, similar chemical processes affect water quality.
According to the rescaled distance, As shown in Figure 4, it is clear that the similarity among the samples
increases during phase 2 (the wet season). Moreover, by comparing the same samples from phase 1 to
phase 2, it can be seen that the sample of 3237G shifts from C2 to C1, and S10, S13, and 3238G shift from
C1 to C2. These shifts are attributed to changes in hydro-geochemical mechanisms, including water mixing,
ion exchange, mineral dissolution, and so on, at the sampling sites. In three phases, two samples of 3242G-
A and 3242G-B lie in completely different clusters. The considerable proximity of these samples, along
with variations in their depth, suggests the action of different mechanisms influencing water chemistry
with respect to depth.
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Principal component analysis (PCA)

Individual and cumulative explained variances, loading of qualitative variables, and eigenvalues obtained
by principal component analysis for the samples collected during phases 1 (dry season) and 2 (rainy
season) are displayed in Tables 5 and 6. Total variable loadings are also presented in Tables 5 and 6. For
the final analysis, loadings greater than 0.5 and less than -0.5 were used.

In phase 1, three principal rotated components (RCs) account for about 77% of the cumulative explained
variances (Table 5). The RC1 and RC2 individual principal components describe approximately 45% and
23% of the cumulative explained variances, respectively. The water quality in the mine aquifers is
primarily governed by these two RCs. Since RC3 only contributes approximately 9% of the overall data
variance, compared to the previous two RCs, it is less significant and is more likely to be attributable to
local impacts.

Variables such as EC, K, Na, Mg, Ca, TDS, Cl, SO4, and TH in RC1 are positively correlated. In addition, pH is
negatively correlated with RC1. Na+*-Cl- and Ca2*-S04?- are ion pairs highly correlated in RC1, originating
from the same sources. These physicochemical variables, which account for about 45% of the cumulative
explained variance, are abundant ions in the halite and gypsum interlayers of alluvial deposits in the
Goharzamin mine area. EC and TDS have a positive and significant correlation with RC1, suggesting that
this rotated component may be known as a salinization dimension or salinization process in the mine area.
Also, the high positive loading of Mg and Ca in RC1 can be caused by the effect of reverse ion exchange
processes of alkali earth metals by alkali metals.
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HCOj3, Alk, and NO3z are found to have moderate-to-high negative loadings in RC2. F also exhibits moderate
and positive loading (0.51) in RC2. RC3 is characterized by a moderate-to-high loading of NO3; and N. As
previously mentioned, the main source of F is Gniess and other metamorphic rocks in the area. The main
source of NO3 is also anthropogenic activity. Thus, RC2 and RC3 relate to geogenic and anthropogenic
mechanisms.

Three RCs were also extracted in phase 2, accounting for 79% of the total data variance (Table 6). RC1
exhibits a strong correlation with Na, Cl, and K, influencing over 35% of the total explained variance.
Moreover, RC1 had a significant and positive correlation with TDS and EC, suggesting a considerable
influence on the water quality of samples collected from the mining area. RC2 is associated with the TH,
Ca, Mg, and N variables, showing positive loadings between 0.68 and 0.94. They explain around 24% of the
total data variance. RC3 is linked to the hydrochemical components of Alk, NO3, SO4, HCO3, and F with a
moderate to high loading ranging from 0.51 to 0.81, accounting for 20% of the full variance.

In phase 2, two rotated components (RC1 and RC2) explain around 59% of the full data variance. By
comparing the variables in the first two RCs (RC1 and RC2) in Phase 2 and RC1 in Phase 1, it can be
concluded that halite dissolution or probably the intrusion of saline water (possibly from Kheirabad playa)
are the main factors influencing the chemical composition of Goharzamin mine groundwater samples in
rainy seasons.

Table 5 Individual and cumulative explained variances, and loading of qualitative parameters in the dry
season

Physicochemical Component
parameters RC1 RC2 RC3
pH -75 -11 -.09
EC .87 .38 .10
TDS .84 41 .18
TH .85 .18 .01
Alk -15 -94 -10
Ca .82 43 14
Mg .90 .09 -.09
NO3 -42 -53 .59
S04 -.63 -48 a2
cl .86 40 .19
HCO3 -12 -95 -.05
F .51 .57 -01
N .23 19 91
Na 71 .39 .24
K .54 -.03 -10
Eigenvalues 6.70 3.52 1.39
% Variance explained 44.64 23.44 9.24
% Cumulative 44.64 68.09 77.33

variance

Extraction Method: Principal Component Analysis.
Rotation Method: Varimax with Kaiser Normalization.?
a. Rotation converged in 4 iterations.

Table 6 Individual and cumulative explained variances, and loading of qualitative parameters in the wet
season

Physicochemical Component
parameters RC1 RC2 RC3
pH -48 -.04 48
EC .93 .23 -.23
TDS .93 19 -25
TH .02 .94 a1
Alk -46 .01 .81
Ca .09 .94 .06
Mg -15 .92 .05
NO3 -12 .36 .73
S04 -.50 13 .60
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Cl 94 16 -22

HCO3 -46 .01 .81
F 43 -38 .51
N 26 .68 .004
Na .94 -.04 -24
K .78 -23 -26
Eigenvalues 5.31 3.54 3.00
% Variance explained 35.42 23.63 19.97
% Cumulative variance 35.42 59.05 79.02

Extraction Method: Principal Component Analysis.
Rotation Method: Varimax with Kaiser Normalization.2
a. Rotation converged in 6 iterations.

Hydrochemical evolution and the origin of groundwater

Precipitation, parent rock composition, weathering, the interaction between aquifer materials and water,
dissolution, evaporation, and time affect the chemical evolution of groundwater. (Saberinasr et al. 2019;
Subba Rao et al. 2020).

Two diagrams were introduced by Gibbs (1970) to identify the relationships between the hydrochemical
composition of groundwater and the governing processes (Fig. 5). According to the source of ions and the
processes controlling water chemistry, Gibbs diagrams are divided into three parts, including rock-
groundwater interaction, precipitation, and evaporation (Liu et al. 2023; Mussa and Mjemah 2023). The
water samples collected from Goharzamin mine were positioned predominantly at the top right of the
diagram. These samples exhibited Cl-/(Cl-+HCO3") and (Na+K)/(Na+K+Ca) ratios exceeding 0.5, as well as
a TDS value exceeding 1000 mg/L. These findings indicate that the composition of main ions in the mine's
groundwater is primarily influenced by evaporation and mineral crystallization processes, rather than
interactions between the water and surrounding rocks or precipitation.
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Fig. 5 Gibbs Plot

In determining the qualitative components of groundwater, factors such as topography, lithology, and
depth of groundwater have a significant role. Fig. 6 presents a link between EC and the depth of mine
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groundwater samples (EC-depth plot). The diagram reveals the existence of three or four distinct clusters
among the samples, potentially attributed to the effect of different aquifer types. The shallower samples
exhibit a broad range of EC values (~4 to ~105 mS cm-1), which can be classified as samples with very low
to low EC and samples with medium to high EC. The samples with lower EC can be linked to recharge by
new meteoric water or new precipitation, while the samples with higher EC may be associated with
evaporite dissolution, mixing meteoric and saline water, or salt water intrusion. In contrast, deeper
samples display medium (approximately 50 mS cm-1) to very high values of EC (~ 100 mS cm-! <), which
is probably due to the high groundwater residence time and water-rock interactions.
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Fig. 6 Variations of EC of Goharzamin mine groundwater samples (mS/cm) with sampling level (m)

The classification of groundwater samples was conducted by assessing their principal cations and anions,
as well as calculating the reaction values (relative percentages), as depicted in Figure 7 (Barbieri et al.
2005). The samples were classified into two types: Ca + Mg — SO4 - Cl and Na + K - SO4 - Cl. These water
types are consistent with the geological formations of the area. Based on the graph (Fig. 7), most of the
cation composition of mine groundwater samples changed into Na + K in the wet season as the water
became more saline. For instance, in the sample of S19 (collected from an artesian borehole) during the
dry season (phase I), the dominant cation composition and EC were Ca + Mg and 167.8 mS cm-,
respectively. While, during the wet season (phase II), EC had an increase in value (169 mS cm-1), and the
dominant cation composition shifted to Na + K. In phase III, a substantial increase in EC was observed
(185.6 mS cm1), which is due to the decrease in the number of surface samples. In this phase, the dominant
cation composition was positioned in the middle of the Na + K and Ca + Mg axes. Variations in dominant
cation composition were observed in samples S10 and S13 from artesian sources. These findings suggest
that the artesian aquifer may not be completely isolated, suggesting a potentially restricted hydraulic
connection between the aquifers. However, an investigation of the groundwater in the piezometers
exhibited that the groundwater level in the hard crystalline layer is higher than the alluvium layer among
just some of the piezometers adjacent to the mine pit. This artesian condition is probably due to the mine
floor excavation and a consequence of a very high hydraulic gradient. In this situation, the faults and
fractures act as a groundwater flow passage, allowing for rapid discharge under pressure. In addition, the
creation of unloading joints or release joints occurs as a consequence of decreased overburden pressure
and an increased depth of the mine pit. The mentioned faults and joints near the mine pit have the potential
to facilitate the mixing of water from different sources.
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Cl and Br are considered conservative tracers, which means that once in solution, they are resistant to
removal by the majority of processes, with the exception of precipitation during the final stages of
salinization. Consequently, they could reflect water quality changes and their origins with less ambiguity
than other dissolved species. This characteristic has made the Cl/Br mass ratio a useful tool in
groundwater for determining the source of salinity (Sophocleous et al. 1990; Whittemore 1995; Rotiroti
et al. 2023; Ayari et al. 2023). Some researchers have found that Cl/Br ratios in water can be affected by
Br sorption on soil iron oxides and clays (Fabryka-Martin et al. 1991; Whittemore and Davis 1995).
Moreover, different ranges of Cl/Br ratios have been reported for a variety of end members that manage
salinity mechanisms in water. The Br/Cl vs. B/Cl ratio plot is used to infer the origin of the groundwater
in this study (Fig. 8). As depicted in this plot, the majority of mine groundwater samples (phase III) are
situated within a limited range of 0.0004 to 0.0015 for the B/Cl ratio and 0.00018 and 0.0003 for the Br/Cl
ratio. The plotindicates that all mine groundwater samples may be affected by either evaporite dissolution
and/or agricultural drainage. Krimissa et al. (2004) and Ettayfi et al. (2012) have shown waters with high
Cl content and a low ratio of Br/Cl (<1.5x10-3) in schist rocks. Consequently, schist rocks could play a role
in the salinization of Goharzamin mine groundwater resources, besides evaporite dissolution.
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The relationship between Na and Cl, as shown in Figure 9, has often been employed to explain the
mechanisms for acquiring salinity in semi-arid climates (Farid et al.,, 2012). The analysis reveals that the
mine groundwater samples exhibit an equal concentration of both ions during the wet season and align
with the dissolution line of NaCl (halite) (typical 1:1 stoichiometric line). Consequently, it is inferred that
these two elements originate from halite dissolution in the mine area. Conversely, the data from the dry
season demonstrates a depletion in Na rather than Cl, suggesting a potential ion exchange between Na and
Cain the environment.
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Fig. 9 Na vs. Cl relationship

In the aquifer medium, the primary solute composition of groundwater may experience alterations due to
ion exchange, which is a common phenomenon in the geochemical evolution of groundwater. The
occurrence of this process in the groundwater is often underlined by the graph of (Ca + Mg) - (HCO3 +
S04) (meq) against (Na + K) - Cl (meq) (Fig. 10), where the water samples are expected to group together
along a line with a slope of -1. The scattering of all samples in the upper left quadrant of the plot indicates

16 | 28



an excess of divalent ions and a deficiency of monovalent ones. This means that any variations in the levels
of divalent ions are counterbalanced by shifts in monovalent ions.The samples from the area are arranged
in a straight line with a 1:-1 ratio (Fig. 10), in accordance with the ideal ion exchange. Consequently, ion
exchange emerges as a significant mechanism influencing the composition of the majority of aquifers in
the mining area. To deduce the exchange and/or reverse exchange of ions between a fluid and its media
during movement or residence times, Schoeller (1967) suggested employing two indexes (CAl; and CAl),
as follows:

car=2E ) )
_ Cr'-(K"+Na")
CAlp= HC03+502 +N03+C03 (2)

The indices are both positive in the reverse ion exchange process between the ions K+ and Na* in the fluid
(groundwater) and Ca2+ and Mg?* in the media (materials of the aquifer), and vice versa. According to Fig.
10, it can be concluded that the reaction of reverse ion exchange is dominant at three sampling phases
(except S1 in phase II). This phenomenon might be attributed to the high concentration of sodium in the
groundwater, leading to the displacement of calcium in the sediment or rock.
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The graphs provided in this section collectively suggest that salinization, evaporation, and mineral
crystallization play a significant role in the hydrochemical composition of groundwater in the area. Salinity
mechanisms intensify at greater depths, as evidenced by the notably higher mean EC value in deep
samples. Variations in the chemical composition of samples between wet and dry seasons imply potential
scenarios involving evaporite dissolution and water mixing from different sources. The precise source of
high salinity observed in the groundwater of this area remains uncertain, with hypotheses including the
dissolution of evaporite minerals in the mining area, the dissolution of evaporite minerals in the Salt Lake,
and subsequent hydraulic connections between the Salt Lake and the aquifers, or possibly a combination
of these options. Nevertheless, the hydraulic connection between the aquifers and Salt Lake is largely
rejected by the Br/Cl vs. B/Cl diagram. Further comprehensive investigations are required for this
hypothesis, as will be discussed in the next section. In addition, diagrams 9 and 10 elucidate the significant
influence of ion exchange, especially reverse softening, on the chemical composition of groundwater due
to the presence of clay and silt interlayers in the alluvial aquifer.

Hydraulic connection between Kheirabad Salt Lake and mine area aquifers

Aquifers in the mining area and Kheirabad Salt Lake may be hydraulically linked via alluvial deposits
and/or the Kheirabad fault, which is a potential source of groundwater in the mining area (Fig. 1). The
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alluvium deposits exhibit low hydraulic conductivity. Moreover, the water table is higher in the northern
part of the pit compared to the lake bottom. Consequently, it is not practical to flow water from the lake to
the aquifers via the alluvial deposits. Nevertheless, a plausible scenario involves water movement from
Salt Lake through the Kheirabad fault. Various geochemical plots and ratios are employed to assess the
possible flow through the two mentioned pathways. To identify the origin of contamination and
understand the mixing mechanisms, the Cl/Br and Cl/B mass ratios in groundwater samples can be
utilized, as suggested by previous studies (Katz et al. 2011; Ettayfi et al. 2012). As presented in Fig. 11 and
Fig. 12, groundwater samples exhibit no increase in Cl/B and Cl/Br ratios despite high Cl content
(especially in samples of S19, S21, and 3242G-B). This finding suggests that there is no hydraulic
connection between the mine aquifers and Kheirabad Lake.
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Fig. 11 Relationship of Cl/Br and chloride content in the samples, as compared to those from saltwater
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The Carpenter function (CF), which was identified by Knauth (1988) and derived from Carpenter's
(1978) work, is the number of divalent cations that are exclusively balanced in charge by chloride ions.
The equation for CF can be expressed as:

CF = Sr2* + Mg?* + Ca2* - HCO3~- SO42- (meq L1)

Several physicochemical mechanisms, including dolomitization, recrystallization, sulfate reduction, and
precipitation or dissolution of minerals like calcite (CaC03), gypsum (CaSO4), and salt, may lead to
variations in ion concentrations; however, CF remains unaffected by these mechanisms (Chen et al. 2014).
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The relationship between Br concentration and CF, as observed in the groundwater samples from the
mining area, is presented in Fig. 13, which does not exhibit correspondence with the Kheirabad Salt Lake.
Consequently, based on all conservative ions and ratios, it can be concluded that the groundwater in the
Goharzamin pit area and the pit seepages do not originate from the Kheirabad Salt Lake.
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Fig. 13 Plot of CF versus Br concentration of groundwater and salt water lake samples

Isotope analysis and recharge conditions

Stable isotopes of oxygen (8180) and hydrogen (82H) are frequently employed in the study of the natural
water cycle and groundwater flow as indicators for exploring the origin of groundwater and recharge
mechanisms (e.g., Stefansson et al. 2019; Carucci et al. 2012). These tracers have been studied to gain a
deeper insight into the primary sources of the discovered ions and the different mechanisms that influence
their contents in a specific area. Table 7 displays the isotopic composition of water samples that were
collected during phase III. Also, in Fig. 14, the relationship between 62H and 6180 for mine groundwater
samples and Kheirabad Salt Lake samples (from Heidari-Nejad et al. 2017) is shown. In the diagram (Fig.
14), the Global Meteoric Water Line (GMWL) by the equation of 62H = 88180 + 10 (Craig 1961), the East
Mediterranean Meteoric Water Line (MMWL) by the relationship of §2H = 88180 + 22 (Gatand Carmi 1970),
the Iranian Meteoric Water Line (IMWL) by the linear equation of §2H = 6.896180 + 6.57 (Shamsi and
Kazemi 2014), and the Local Meteoric Water Line (LMWL) by the equation of §2H = 7.126180 + 15.92
(Jahanshahi and Zare 2017) are also plotted. The IMWL and LMWL exhibit lower vapor humidity
compared to the GMWL due to their lower slope values. The slope can be affected by several factors,
including humidity, temperature, and other parameters (Gat and Gonfiantini 1981; Rozanski et al. 1997)
that are unique to a certain groundwater medium.

As illustrated by Fig. 14, the samples stand near and to the bottom right of the GMWL and IMWL. This
diagram also reveals that the majority of the samples lie along an evaporation line and enrichment process
defined by equation: 62H = 5.44376180 - 13.78. The samples exhibit a notable §180 enrichment with respect
to meteoric water lines. The relatively low slope (5.44) and y-intercept (-13.78%o0) observed in the mining
area samples indicate the possibility of water evaporation either prior to or during water replenishment
or the occurrence of significant rock-water interaction in the porous media (Banner et al. 1989; Al-Katheeri
et al. 2009). The observed trend also might be created due to evaporation mechanisms occurring in fine-
grained soils under arid conditions. (Sonntag et al. 1985; Gil-Marquez et al. 2016). The groundwater's
composition would have been significantly enriched due to evaporation, caused by the water's gradual
infiltration or seepage through the mine alluvium aquifer's fine clayey sands.

The samples of 3241G (groundwater) and Kheirabad Salt Lake exhibit a higher abundance of heavy
isotopes in comparison to the others. The maximum §!80-82H values in these samples are 13.20-29.70%o0
and 9.51-40.74%o, respectively. They had undergone intensive evaporation. The samples of surface water
collected from Kheirabad Salt Lake exhibit an enrichment in the isotopes 180 and 2H, a characteristic sign
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of evaporation in an exposed water body with low relative humidity in a continental arid and semi-arid
climate (Clark and Fritz 1997). Infiltration of evaporated groundwater and surface water pumped from
the mine pit and maintained at a pool near the 3241G borehole may explain the isotopic enrichment of
groundwater sample 3241G in the south of Goharzamin mine. However, except for the sample of 3241G,
the values of §180 and &82H of the area groundwater samples ranged from -5.74 to -2.5%0 and -37.8 to -
27.78%o, respectively. The relationship between the 62H and 6180 values in these samples can be described
by the following least squares regression equation: 62H = 1.75116180 - 28.039. An interaction between the
porous medium and heated water, caused by deep groundwater circulation, is probably responsible for
the observed slope.

Table 7 Isotopic composition of water samples in phase III

sample ID 8180 82H 3H 813C 14C
(%0 VSMOW) (TU) (%o PDB) (pmC)
3242G-A -4.80 -35.07 <0.8
3242G-B -2.89 -32.68 <0.8
3313 -2.50 -27.78 -22.2 46.35
S10 -4.08 -36.18 -8.94 3.310
S19 -2.67 -35.86 -8.87 3.267
S§3252 -3.49 -35.74 <0.8
S51 -4.74 -36.00 -2.00 9.955
S1 -5.74 -37.80 <0.8
3245 -3.69 -35.10
S21 -3.23 -34.30
SB-14 -3.92 -34.98 -11.50 11.43
3241G 9.51 40.74 5.2
Lake 13.20 29.70
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Fig. 14 Range of 62H and 6180 in the Goharzamin pit samples in comarison to GMWL, MMWL, IMWL, and
LMWL

The relationships between d-excess and 6180 in all of the samples are illustrated in Figure 15. The d-excess,
an index denoting the influence of evaporation on the physical and chemical characteristics of
groundwater, is calculated as follows: d = 62H - 8 §180 (Dansgaard 1964). While the groundwater
evaporates, the d-excess decreases; this process is independent of the basic isotopic composition of the
starting water. The typical d-excess value on a global level is approximately 10%o; however, it varies
depending on factors such as humidity, wind speed, and sea surface temperature during evaporation.
Consequently, the low d-excess values indicate that there was a high level of humidity when the vapor
mass was formed (Clarks and Fritz 1997). If the value of d-excess falls within the range of +5%o (Carol et
al. 2009) and +10%o (Han et al. 2009), it indicates that the groundwater has evaporated prior to
infiltration. This phenomenon is commonly observed in groundwater samples collected from arid and
semi-arid regions. In general, a negative correlation between 6180 and d-excess is typically observed in the
samples collected from the studied area. The d-excess values of the groundwater samples (except for
3241G) vary from -14.54 to 8.09%o, with an average of -4.33%o. The study area exhibits a high level of
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humidity due to the influence of both local and regional moisture circulation, as reflected by these ranges
of values. The greater 6180 and 62H values enrichments with depth (Fig. 16) probably indicate the warm
climate of the area in the past.
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Fig. 16 The relationship of sampling level of the analyzed groundwater samples versus (a) 6180 and (b)
62H

The relation between salinity (or chloride) and 6180 may be applied to determine the processes that lead
to mineralization in groundwater, such as dissolution, evaporation, and saltwater intrusion. When
examining the relationship between Cl content and §180 (as shown in Figure 17), it is observed that the
samples demonstrate an increase in salinity within a limited range of 6180 values. This would imply that
the oxygen isotopes undergo changes as a result of the exchange reactions that take place between porous
medium and water for a long time.

2128



The relationship between chemical and isotopic data implies that evaporation and evaporite dissolution
processes predominantly control the salinity of the mining area groundwaters, indicating that Kheirabad
Salt Lake does not play a significant role in this phenomenon.
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Fig. 17 Relationship between CI content (in mg/L) and 6180 (%o VSMOW) of mine groundwater samples
and salt lake

Groundwater dating or residence time

An analysis was conducted on the samples to determine the apparent residence time of groundwater in
the Goharzamin mine area by measuring the carbon isotopes (14C and §13C) of dissolved inorganic carbon
(DIC, primarily HCO3') and tritium activities (3H). Tritium's short half-life of 12.4 years makes it beneficial
for differentiating groundwater recharge before the nuclear bomb testing from water that is younger (<67
years ago), while Carbon-14 can be utilized for older groundwater systems because of its longer half-life
of 5,730 years. Five samples were analyzed for each tritium and radiocarbon concentration. Most of the
water samples were selected from deep basins, and they are not a good indicator of the whole mining area.
However, the results of these analyzed samples could enhance our understanding of the hydrogeological
system of the area. The tritium contents in the samples collected from the mine vary from below the
detection limit (0.8) to 5.2 TU, as shown in Table 7. A high value (5.2 TU) is observed in the groundwater
sample of 3241G, signifying a substantial contribution of modern precipitation and indicating recent water
(< 10 years old). As previously mentioned, the groundwater sample of 3241G seems to indicate a mixing
of surface water and groundwater. Among the five evaluated samples, four exhibit negligible tritium
contents, below 0.8 TU. The findings imply that the groundwater in most boreholes and seepages was
predominantly replenished by rainfall before 1952. In other words, the undetected 3H concentrations
reflect the long residence times of the water recharge (> 67 years, before 1952) through the aquifer, or
they can be regarded as a binary mixture of older (pre-1952) and younger (post-1952) water. The delay
in water penetration in the unsaturated zone and the expansion in groundwater residence time are caused
by the high depth and low transmissivity of the clayey layers, which are interbedded with sandstones.

The radiocarbon (14C) concentration and 13C content of the analyzed samples range from 3.214 to 46.22
pmC and from -2 to -22.159%yo, respectively (Table 7). The main problem with 14C groundwater dating is
often overestimations of groundwater ages (Jasechko 2016). When soil organic matter decomposes along
flow paths or when carbonates dissolve, dead carbon is introduced into the system. This can significantly
dilute the #C content and raise the apparent “C ages (Geyh 2000; Clark and Fritz 1997). Therefore,
numerous methods for 14C groundwater age correction (Ingerson and Pearson 1964; Evans et al. 1979;
Eichinger 1983; Salem et al. 1980; Fontes and Garnier 1979; Tamers 1975) have been developed. Because
of the possibility of dead carbon from carbonate-rich units, like the carbonate formation (Fig. 1), in places
with hydraulic connections, using uncorrected radiocarbon ages in the groundwater system can be
problematic. In this study, several correction methods using measured hydrochemical and isotopic
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variables (alkalinity, pH, T, and §13C values) were employed to convert the measured #C content (in pmC)
into groundwater ages (in yr). Based on various correction techniques and 14C activity, the computed mean
residence time of recharge indicates an age range of 6000 years (in the Holocene) to 29000 years
(paleowater, in the late Pleistocene) (Table 8). In more detail, the groundwater age dating results in the
identification of four distinct age categories. The first category consists of young waters resulting from
recent precipitations such as surface water, runoff, and shallow subsurface discharge. The second category
includes waters found in upper alluvial aquifer aged between 5000 and 8000 years, particularly during
the Northgrippian ages in the middle of the Holocene epoch. In the third category, the groundwaters,
especially in the lower section of the alluvial aquifer, fall between 12,000 and 19,000 years old, ranging
from the Late Pleistocene to the early Holocene. Lastly, the fourth category comprises waters in hard rock
aquifer exceeding 20,000 years but less than 30,000 years old, originating from the late Pleistocene epoch.
An increase in age with depth can be observed in 14C-analyzed samples (Fig. 18). Findings from the 4C
dating are in agreement with the 3H concentration (dating) and the study by Gharaat et al. (2022).

These findings demonstrated that the deep groundwater that is currently seeping into the mine pit was
not created by modern precipitation. However, chemical variations of the groundwater samples
(seepages) in the rainy season in comparison to the dry season showed that new meteoric water was
mixed with deep groundwater after surface evaporite dissolution and passing through the fractures
around the mine pit.

Table 8 Computed age and isotopic variables of the 14C analyzed Goharzamin samples

Sample 180 (%o vs. 2H (%o Vvs. 13C 11C 14C- Age Age Age Age Age Age Age
V-SMOW) V-SMOW) (%o (pmC) ERR (pearson) (Evans) (Eichinger) (IAEA) (Fontes (Tamers) brut
VvS. (years) (years) (years) (years) & (years) Ao=100
PDB) Garnier
(years)
S10 -4.08 -36.18 -8.94 3.257 0.055 20923 20519 22987 24449 20844 23025 28308
S19 -2.67 -35.86 -8.87 3.214 0.052 20973 20564 23491 24499 20846 24124 28419
S51 -4.74 -36.00 -2.00 9.725 0.076 - - - - - 14535 19265
3313 -2.50 -27.78 -22.2 46.22 0.22 6083 6073 3983 9609 7813 1326 6380
SB-14 -3.92 -34.98 -11.50 11.28 0.10 12582 12323 13799 16108 12569 12988 18042
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Fig. 18 The relationship of 14C age versus altitude of the analyzed groundwater samples

Conclusions

This research employed a combination of hydrogeochemical indicators, stable isotopes, and statistical
investigations to analyze the source of groundwater in the Goharzamin mine region as a multi-layered
aquifer system (including hardrock and alluvial aquifers). In summary, the key findings can be stated as
follows:
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Groundwater in the Goharzamin mining area is generally saline or brine water, with an average of EC
values equal to 48.39 to 58.57 mS cm-1 in the dry and wet seasons, respectively. The hydrochemical facies
and water types are mainly Na-Cl, indicating long groundwater residence time and movement and/or
relatively higher rock-water interaction. The dominant anion is Cl-, followed by S04%;, HCO3-and NO3-, while
the dominant cation is Na*, followed by Ca2* Mg?+ and K*.

The two water groups obtained by the multivariate statistical analysis methods (PCA and HCA) could be
globally discussed as two water types, indicating that similar geochemical mechanisms influence the
hydro-geochemical constitution in the samples held by the same class. The first one is characterized by
lower salinity and involves groundwater mainly located in the alluvium layer. The second water type has
high salinity, observed mainly in the deep crystalline formation aquifer. This shows that the chemical
mechanisms that affect the chemical composition of groundwater in the samples belonging to the same
group are similar.

Geogenic (natural) factors, mainly including evaporite dissolution, mineral crystallization, reverse ion
exchange, and rock-water interaction, play a pivotal role in the hydrogeochemical evolution of
groundwater in the area.

The hydrochemical and isotopic interpretation shows that Kheirabad Salt Playa (about 13000 m in the
north of the pit) could not be a significant source of groundwater in the mine area. Radiocarbon (4C)
corrected age and 3H age dating confirm the presence of old groundwater, especially at deep aquifers, that
was recharged during the Holocene and Late Pleistocene.

Finally, it has been confirmed that there are a minimum of three distinct aquifers in this complex multi-
layered system. The variations in the groundwater chemical composition during the wet and dry seasons
indicate that these aquifers are not completely isolated. These variations can be attributed to two factors.
Firstly, the hydraulic connection that exists among the aquifers in certain areas, including faults and
fractures around the mining area, Secondly, the significant hydraulic gradient produced by the pit
excavation.
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